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Gravitational waves

Astronomy :

e Radio 1 waves. Electromagnetic waves
=i Infrareds emitted by
T ) Visible moving ; .
= e Ultravmlet '
. o electric charges
b or nuclear reactions {55

Gravitational waves
are emitted by moving masses

* Test General Relativity in a néw domain

. Open a new w1nd0w on the umverse
« Measure directy masses of detected objects
* Observe black holes
« Access to the core of violent events: supernova, gamma ray bursts
e Measure the geometry of the Universe with new probes




A gravitational wave generator on earth

source distance h
Steel bar, 500 T, D =2 m 1m h=10-34: a distance of 1 km is stretched
L =20 m, 5 tours/s . by 10! m G,
Bomb H 1 megaton (50x Hirosh.) 10k h=102:a distance of 1 km is stretched
Asymetry 10% | by 10-** m
10 million billion times smaller 10 billion times smaller

than the atomic nucleus L than the atomic nucleus




Astrophysical and cosmological sources of gravitational waves

— Supernova s , e )} .

Black hoiev
Biggest known: 66
billion solar masses

White dwarf
1,4 solar masses
1.10° kg/m?

: / « P ’
Hypothetical states
- Quark star < . _
Qg More « exotic » sources

- Preon star : :
L - Pre-inflation quantum
- Electroweak star o

s fluctuations
EtOI Sl - Phase transition in the
A

primordial universe
- Cosmic strings

Neutron star
Up to 3 solar masses
6.107 kg/m3




Astrophysical and cosmological sources of gravitational waves

source distance | h

Supernova 10 M 10 kpc h=10-*!: a distance of 1 km is stretched
asymetry 10~ by ~’10'18 m "
Coalescence 10 Mpc h=10-%": a distance of 1 km is stretched
de 2 trous noirs de 1 M by 10" m

« Only » 100 to 1000 times
smaller than the atomic nucleus



GW150914

Inspiral Merger Ring-
down
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Gamma rays, 50 to 300 keV GRB 170817A

1,500

Counts per second

Gravitational-wave strain GW170817
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.CMB polarization

‘Polarization of B-modes in the CMB:
Looking at the direction of oscillation of the
first light emitted 380 000 years after the
Big Bang

How to detect them ?

Weber bars

A =t 7

Trying to detect the ,
deformation of bars becoming

- resonant when crossed by a
gravitational wave

Measuring the arrival time of a pulsar e
signal at different periods during the year.
For example the signal-arrives 20 ns later
- — | injuly and 20 ns earlier in january

~ PTA (Pulsar Timing Array) |



How to detect them ?| |
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Laser interferometry <
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How to detect them ? |

Distances have to be measured with a precision equivalent of 102!

A distance of
measured with a precision
better than the :




1,064 um

Interferometric detection

Michelson interferometer | /\/\/\/ Path 2 beam

Sum:
' constructive
) Len interference
Path 2

Semi reflective

- | mirror s
. ABY s ’\/\/\/ .
Laser | » Sum:
N .

Mi . _‘r destructive
| AT he ) interference
‘ Light detector ‘ S 5, | Called dark

fringe






LIGO and Virgo detectors
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SN

Test
Mass

Power

Recycling seain

: <« Ly=4km — >
Splitter

100 kW Circulating Power

Recycling
"W Photodetector

Put the whole interferometer
( m?>)

under vacuum (P=10" mbar)

Control the relative
of the mirrors with a

precision better than a

Isolate from ground vibrations

Using mirrors which
quality is at the of

current technology



Improving interferometers beyond the standard quantum limit
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Beating the standard quantum limit: in theory

Electric field: I = X, cos(ol) + iX,sin(ol)

. Coherent 'state . | Phase squeezed-state Ampiitude Squeezed state

2/ E - 2

 Beisciberg principlot AXEASOS



Beating the standard quantum limit: in practice
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CALVA: CAvity for the Lock of Advanced Virgo







Backup: Ellipse rotation
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Finesse vs cavity length

m =42 kg (qul = 2.7.44 rad/s)
m = 105 kg (_qu = 2.7.28 rad/s)
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®,: carrier tield frequency

M. cavity resonance frequency
Q): sideband frequency

Awy,: detuning .

V.. half-width-halt-maximum linewidth S ey




Backup: squeezing losses

In theory: Y = Aoy,

In pratice: Awp, =yV1 —&+¢,,  With:

Lﬂ::= 300m, O4 opti L'c= 300m, O4 opti

== am |deal system

= |njection/Readout losses
= Filter cavity losses

m— \|ode mismatch (worst case)
== F[) phase noise

Al mechanisms

== an |deal system

= |njection/Readout losses
= Filter cavity losses
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FD Phase noise with 1 pm locking accuracy FD Phase noise with 3 pm locking accuracy



